Introduction
Fluorescence detection using chemosensors has received attention for use in analytical fields because of its many advantages. 1, 2 Especially, the simple composition of analytical equipment enables its use outdoors, yielding analytical results on-site. 3, 4 Fluorescent chemosensors comprise a recognition moiety for catching target species and a fluorescent moiety that thereby changes its spectral shape; 5 various types for target species (cations, anions and ionic organic molecules) have been developed extensively in many laboratories. [6] [7] [8] [9] [10] [11] [12] [13] To achieve the construction of an analytical system, many environmental samples should be regarded as existing in the aqueous dissolved state. Generally, recognition and fluorescence switching events in many chemosensors are driven by electrostatic interactions between a chemosensor and a target molecule. 5 However, a water solvent decreases the complexation capability of an ionic target through competition with hydration. Consequently, this limits the direct use of low-concentration samples in water. Moreover, a strongly reactive functional group in an organic material is demanded for sensing via a chemical reaction. [11] [12] [13] To date, the extraction of target species to an organic layer has been used as one application for environmental samples. 14 To address the problem described above, we introduced twisted intramolecular charge transfer (TICT) as a fluorescence-related switching mechanism. [15] [16] [17] [18] The utilization of the TICT process enables fluorescence switching of a chemosensor by a degree of the steric barrier. It was reported that TICT was controlled by micellar aggregation 19 and the use of a viscous solvent. 20 Applications using the steric effect were also reported. 21, 22 In previous papers, we described the synthesis of fluorescent β-cyclodextrin (β-AC) modified by 9-anthracene carbox amidophenyl (9-AA) derivatives; 15 β-AC was demonstrated on a selective determination for Triton X-100 surfactant involving a bulky tert-butyl group. Weak fluorescence was emitted from free β-AC in water. In contrast, a remarkable enhancement of emission from 9-AA was observed to be ten-fold in the addition of Triton X-100 below a critical micellar concentration (CMC: 0.2 mM 23 ). In the absence of Triton X-100, photoexcited 9-AA in β-AC induced free rotation around the amide bond with subsequent quenching of the fluorescence by charge transfer between the anthracene and phenyl moiety via π-conjugation. However, this rotation event, one TICT process, was suppressed upon complexation between β-AC with Triton X-100. This behavior results from the steric effect between 9-AA and the bulky tert-butyl group in Triton X-100 incorporated to the CyD cavity. Although solubilization of chemosensors in water is one requirement for direct use, hydrophobic chemosensors have provided a useful prototype for the development of practical chemosensors.
This report describes novel fluorescent γ-CDs (ACs) modified by 9-anthracenecarboxamido and 1-anthracenecarboxamido to detect a more "slender" surfactant than Triton X-100. As described above, the fluorescence spectral behavior of the AC system with surfactants is predisposed to the effects of steric structures of both elements. Consequently, the present study specifically examined alkyl groups in surfactants, substituent positions to CyD and in 9-AA, and types of CyDs.
z: 1, 9) according to procedures described in a previous report. 15 3-Deoxy- [3-(9- 
Measurement of fluorescence, UV-vis and circular dichroism (CD) spectra
Fluorescence spectra were monitored (RF-5300; Shimadzu Corp.) in distilled water at 25 C. The excitation wavelength was 363 nm. The sample solution containing guest molecules (Scheme 2) was dropped sequentially in 5 μM ACs aqueous solution in all cases. UV-vis spectra were also observed (UV-2400PC; Shimadzu Corp.) under the same conditions using fluorescence measurements.
Circular dichroism spectra examinations were conducted (J-720; Jasco Corp.) with both 10 and 100 μM concentrations of Ant-CyD under N2 gas at r.t.
H NMR measurement
The 1 H NMR spectra for guest molecules with ACs were measured at 30 C (JNM-Ex400; JEOL). ACs concentrations were 0.5 mM in D2O. The chemical shift reference used sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as an external standard.
Results and Discussion
Fluoresence spectra Figure 1 shows fluorescence spectra of AC1 and its complexes with SDS below the critical micellar concentration (CMC: 8.7 mM) 24 in water. Weak fluorescence of AC1 was obtained in the absence of SDS. In contrast, a dramatic fluorescence enhancement was observed upon the addition of SDS, which rose 12-fold. CyD lacked a model for AC1, potassium 3-(3-(9-anthracenecarboxamido)phenoxy)propanesulfonate, which showed only a 1.1-fold fluorescent enhancement with 8 mM of SDS. Consequently, this result clearly indicates that a fluorescence enhancement of AC1 results from complexation between its CyD cavity and SDS. On the other hand, nonionic surfactant Triton X-100 (CMC: 0.2 mM) was slightly changed at the same concentration with SDS. To investigate this guest selectivity, structurally different analogs of SDS were used. Sodium octanesulfonate (SOS), sodium octylbenzenesulfonate (SOBS), and cetylpyridinium chloride (CPC) have a straight alkyl group as a hydrophobic moiety. Triton X-100 involved a branched alkyl group, which selectively induced an enhancement of β-AC fluorescence among those guests. The fluorescence response ratio (Imax/I0) was defined by the fluorescence intensity of a free AC (I0), and upon complete complexation (Imax) of that with a guest molecule below CMC. For AC1, and AC5, higher Imax/I0 values were obtained for SDS and SOBS than others (Fig. 2) . In the β-AC system, fluorescence emission of the 9-AA in the addition of Triton X-100 is enhanced selectively by about four-fold. However, Imax/I0 values of AC1 with SDS were about five-fold higher than for bulky molecules, such as Triton X-100. This opposite result to that obtained in our previous study suggests that the complex conformation of AC with a guest molecule differs from that of β-AC. Moreover, guest selectivity of ACs also appeared among linear alkyl compounds, which demonstrates that the AC system can exclude structurally similar guests accurately by a steric factor, such as molecular length or bulkiness of alkyl groups.
Other AC analogs (AC2 -4, AC6 -8) were also investigated to discuss steric effects of host molecules. The type and position of the substituent group on a CyD skeleton are widely known to affect the chemical properties of CyD strongly, such as inclusion capability and selectivity for guest species. From this viewpoint, substituent positions on aromatic rings in the 9-AA, phenyl and hydroxyl group on the CyD skeleton were specifically examined. It is particularly interesting that those ACs only weakly responded to any guest compound. This result confirmed that TICT suppression of AC results for a steric hindrance between 9-AA, and the guest occurs not only by inclusion events in the CyD cavity.
Complex formation constant (log K) and limit of detection (LOD)
The complexation ability of ACs with surfactants is an important parameter to investigate fluorescent reagents. Complex formation constants (log K) of AC1 and AC5 were calculated using nonlinear least-squares curve fitting (Marquardt's method) 25 below CMC. The obtained log K values are presented in Table 2 , and calibration curves are shown in Figs. S1 and S3 (Supporting Information). Good fitting of the theoretical curve for experimental data indicates that the process between an AC and a guest molecule is dominated strongly by simple equilibrium as the inclusion process of a guest molecule into the cyclodextrin cavity. No ACs, except AC1 and AC5, yielded reliable log K values for any guest, because of the low Imax/I0 values or weak complexation ability. The complexation ability for Triton X-100 superficially seems inconsistent fluorescence selectivity for SDS of AC1 and AC5. However, a fluorescence efficient enhancement by SDS clearly takes priority of Triton X-100 at the same concentration (Figs. 1, S1 and S3) . Thus, the fluorescence selectivity is mainly dominated by the difference of the Imax/I0 values between SDS and Triton X-100.
The limit of detection (LOD) value for SDS is estimated to be 0.4 μM (0.12 ppm), as follows: a margin of error for the fluorescence intensity is calculated as a standard deviation (SD) of the background noise obtained from 10 times measurements of a blank solution. The three-folds of the regards LOD and converted into SDS concentration from the calibration curve between AC1 and SDS (Fig. S1) . We consider that the LOD values can be further enhanced by optimization of the experimental condition. The development of LOD is proceeding.
Circular dichroism (CD) spectrum measurement
An induced circular dichroism (ICD) spectrum is observed for an aromatic chromophore onto the CyD cavity axis through the narrow or wide rim of a CyD. [26] [27] [28] [29] [30] [31] It supports the clarification of those complex structures. [32] [33] [34] [35] Figure 3 shows induced circular dichroism (ICD) and UV-vis spectra of AC5 (10 and 100 μM) in aqueous solution with 0 -8 mM of SDS. An asymmetrically split Cotton effect of the ICD spectrum was observed for free AC5 in the region of 240 -260 nm. This result clearly illustrates the exciton interaction between anthracene and the phenyl moiety existing on the CyD cavity axis. Consequently, their split peaks decreased concomitantly with increasing SDS a. This value was not evaluated because of poor change of fluorescence intensity. concentration. This behavior suggests that 9-AA of AC5 faded out from the CyD cavity axis by a steric repulsion with AC5·SDS formation. The signal at the 340 -380 nm region, which shows ICD peaks of the anthracene moiety, disappeared with increasing SDS concentration, which supports the consideration described above. In ICD spectra of AC1, the appearance and disappearance of the asymmetrically split Cotton effect also occurred before and after the addition of SDS in a short-wavelength region (200 -300 nm). However, the ICD peak in the region of long wavelength changed only slightly in any SDS concentration range (0 -8 mM), which indicates that the 9-anthracene moiety of AC1 more closely resembles SDS than it resembles AC5 upon complexation. This structure of the complex is advantageous for effective TICT suppression by 9-anthracene in AC1 with a short rotation radius compared to that of 1-anthracene in AC5 (Fig. 4) .
For Triton X-100, as a low-responsive guest, ICD spectra of both AC1 and AC5 changed similarly, increasing along with the Triton X-100 concentration (see Supporting Information). However, the ICD signal did not disappear completely in the region of 240 -260 nm. The spectral residue of AC1 and AC5 indicates that 9-AA exists in the position of the ICD effective column on the complex with Triton X-100. For weakly responsive hosts for any guests, the asymmetrically split Cotton effect of the ICD spectra was scarcely changed (AC7), or was not observed (AC2 -4, AC6 and AC8) in the absence and presence of SDS (see Supporting Information). ICD spectra behaviors among a series of ACs corresponded to a low fluorescence response. Consequently, these results showed that the conformation of 9-AA on the CyD scaffold is not sufficient for the steric repulsion for TICT inhibition upon complexation. As explained above, a suitable structure of ACs for the detection of SDS needs that anthracene and benzene rings in 9-AA are initially oriented on the CyD axis, and that a move to a conformational change will arise during complex formation with SDS.
H NMR measurement
Proton NMR spectroscopy has been used for the investigation of complex conformations between host and guest molecules. The chemical shift changes (Δδ) of SDS and Triton X-100 were measured in both the absence and presence of AC1 (including 9-AA) and AC5 (including 1-AA) as hosts. The obtained values are presented in Table 3 . High field chemical shift changes were observed on all protons of alkyl group (a -c) in SDS (Δδ = 0.09 -0.26) and Triton X-100 hydrophobic moieties (Δδ = 0.13 -0.21). They are attributed to a ring current effect on the aromatic ring in both ACs by approaching 9-AA and 1-AA with those protons in guests. In contrast, lower field shifts of alkyl protons in guests were observed for native γ-CyD as a host, which confirms that a high-field shift was induced by the interaction between hydrophobic protons in guests and aromatic rings in ACs.
Structural details of the complex were investigated further using the CPK model. The revealed conformations are portrayed in Fig. 4 . The 9-AA and 1-AA moieties in the hosts were thrown up by the elongated SDS projected from the CyD cavity. Rotations of those excited moieties were inhibited. A hydrogen bond can assist an approach of SO3 -in SDS to the 9-AA and 1-AA moiety. However, Triton X-100 incorporated by ACs was covered over by the 9-AA moiety on the CyD cavity axis. Free rotation of excited 9-AA remains possible. The interpretation presented above for the complexation behavior is consistent with results obtained from a CD spectral study. Consequently, the fluorescence response selectivity between SDS and Triton X-100 will reflect the steric difference from the host-guest complex structure.
Conclusions
Fluorescence emission of N-phenyl-x-anthracenecarboxamido-γ-CyD derivatives (ACs; x = 9, 1) was enhanced selectively and strongly by sodium dodecyl sulfate (SDS) in several surfactants below the critical micellar concentration. The fluorescence enhancement efficiency was found to be related to substituent positions among ACs. An asymmetrically split Cotton effect in ICD spectra was observed in suitable combinations of AC substituents.
1 H NMR spectra measurements and CPK model investigation revealed that the fluorescence selectivity between SDS and Triton X-100 in AC1 and AC5 originates from the difference of the host-guest complex structure. The findings of Table 3 1 H NMR chemical shift changes a (Δδ ppm) of guest molecules before and after complexation by AC1, AC5, and native γ-CyD this study expand the application of the fluorescent chemosensors based on twisted intramolecular charge transfer.
Supporting Information
Chemical structure details of AC1 -AC8, CD spectra and 1 H-NMR spectra of host-guest complex. This material is available free of charge on the Web at http://www.jsac.or.jp/ analsci/.
